ABSTRACT -Bisphenol A (BPA) is one of the 'environmental endocrine disrupters' (EEDs) released by plastics and resin known to interfere with hormonal responses. In this study, female Wistar rats were exposed to low-dose BPA (24 μg/kg/day) during 7 days after giving birth. The male and female offspring, exposed to the BPA through lactation, were evaluated using an open field test (OFT) at the age of six weeks, an elevated plus maze test (EPM) at seven weeks, and a forced swimming test (FST) at nine weeks. The OFT indicated that females were more active than males, and that BPA selectively increased rearing duration in males, thereby eliminating the gender effect. The results of EPM showed that BPA did not enhance the anxiety-like action; rather, it was associated with an anxiolytic-like action in females. In the FST, not only there was an increase in the immobility time, but also there was reduction of latency observed in BPA rats. It indicated that the depression-like responses were clearly enhanced by the postnatal exposure. Altogether, these data suggest that low-dose BPA ingested by neonates through breastfeeding may cause persistent aberrant behaviors that are relevant to emotions.
INTRODUCTION
Bisphenol A (BPA) is one of the well-known 'environmental endocrine disrupters' (EEDs) and is released from widely used polycarbonate plastics, epoxy resins and some dental sealants (Krishnan et al., 1993; Sohini and Sumpter, 1998; Olea, 2000; Suzuki et al., 2000; Brede et al., 2003; Kang et al., 2003) . In vitro studies showed that BPA exerts estrogenic and anti-androgenic effects by competing with the endogenous hormones at their receptor level (Krishnan et al., 1993; Sohoni and Sumpter, 1998) . From numerous animal studies, US Environmental Protection Agency (EPA) established the reference dose (RfD, 50 μg/kg/day) (http://www.bisphenol-a.org/) and confirmed that BPA interferes with the development of the reproductive system (Morrissey et al., 1987; Nagel et al., 1997; Ashby et al., 1999; Cagen et al., 1999; Nagao et al., 1999; Tyl et al., 2002) .
We have concerns that BPA may play a similar hormone-like role on the central nervous system (CNS), not only the reproductive systems. Because, the receptors for sex steroid hormones such as estrogen or androgen play a great role in the development of perinatal brain. They are associated with the expressions of the synthetic enzymes of neurotransmitters and their receptors (Osterlund et al., 2000; Donner and Handa, 2009 ), facilitate neuron branching or synapse formation (García-Segura et al., 1994) . In rats, testicular androgen leads to masculinization and defeminization of the male CNS during the late gestational and early neonatal periods through its conversion by brain aromatase into estrogen (MacLusky and Naftolin, 1981; Lephart, 1996) or probably by its direct action via androgen receptor (Garcia-Falgueras et al., 2005; Zuloaga et al., 2008) . Regarding the impact of BPA on CNS and behavior, Farabollini's group initially reported the effects of BPA on emotional behavior (Farabollini et al., 1999) .
Our group also demonstrated that BPA impairs the gender differences of locomotion, exploratory behavior and the size of the locus coeruleus (LC) in the brain stem of the rat (Kubo et al., 2001 (Kubo et al., , 2003 . In the study conducted by Kubo et al. (2001) , dose of BPA was 1,500 μg/kg/day and exposure was perinatal (from gestation day to weaning, 6 weeks). Next, the dose of BPA was reduced to 30 μg/kg/ day (less than RfD) with same perinatal exposure (Kubo et al., 2003) , while in our previous study (Fujimoto et al., 2006) , the dose of BPA was less than RfD (15 μg/kg/day), and exposure period was limited to prenatal (for 1-week just before delivery). All of these studies showed that BPA exposure to rat offspring induces the impaired gender differences of LC, locomotion and exploration (Kubo et al., 2001 (Kubo et al., , 2003 Fujimoto et al., 2006) , and enhancement of depression-like reaction (Fujimoto et al., 2006) . However, the developmental processes in the CNS (such as cell proliferation, migration, differentiation, etc.) differ considerably between the pre-and postnatal periods (Rice and Barone, 2000) . In addition, exposure route is basically different. BPA intake during postnatal exposure is limited within mother's milk. Therefore, the aim of the present study was to examine postnatal low-dose treatment of mothers (0.1 ppm, for 1 -week just after delivery) in order to compare with our earlier results of prenatal exposure (Fujimoto et al., 2006) .
In this study, we examined three behavioral tests. An open field test (OFT) for exploratory behavior, an elevated plus maze test (EPM) for anxiety-like behavior and a forced swimming test (FST) for depression-like behavior were conducted. It investigates whether postnatal exposure induces gender-specific behavioral alterations, and reconfirms the impact of BPA on the FST, which is related to depression-like behavior.
MATERIAL AND METHODS

Animals
Pregnant Wistar rats (gestational day 10) at 13 weeks of age were purchased from Kyudo Corp. (Saga, Japan). Five mother rats were exposed to vehicle as control, and another five dams were exposed to BPA. The animals were kept in a closed colony room under a 12:12-h light-dark cycle (light period 08:00 AM -08:00 PM) in a constant air-conditioned environment maintained at 23 ± 1°C and 60 ± 10% relative humidity. Animals had free access to laboratory chow (CE-2, CLEA Japan, Inc., Tokyo, Japan) and tap water. All experiments were performed under the Guidelines for Animal Experiments of the Graduate School of Life Science and Systems Engineering, Kyushu Institute of Technology, and pertinent governmental regulations (Law No. 105 and Notification No. 6 ) of Japan.
Treatment
BPA was administered via drinking water using glass bottle to rats in the present as well as in our past studies (Fujimoto et al., 2006) . The mothers received tap water ad libitum during the entire experiments, except for the period of first 7 days after giving birth, in which the BPA group received BPA solution in distilled water (0.1 ppm), and the control group received vehicle (distilled water) (Fig. 1) . In the BPA group, the offspring received BPA through the milk of their mother. All of the dams were allowed to feed and drink ad libitum until their offspring were weaned on postnatal day 21 (PND21). On PND1 between noon and 3:00 PM, litters were standardized to contain 4 males and 4 females by removing any excess offspring. On PND21, all offspring were weaned and then classified and housed in the same sex and litter groups and were allowed food and tap water ad libitum until the end of the experiment. BPA used in the studies was purchased from Sigma-Aldrich Co. (St. Louis, MO, USA).
Behavioral test
General
The following behavioral tests were administered to the pups of the treated and control mothers: OFT (6 weeks of age), EPM (7 weeks), and FST (9 weeks). (Fig. 1 ) All tests were conducted between 1:00-7:00 PM. All sessions were manually or automatically recorded with a computer-based video tracking system (Ethovision v1.96, Noldus Info. Tech., Wageningen, the Netherlands).
Open-field test (OFT)
The open-field apparatus was a square field (80 × 56 × 40 cm), in which an object (12 × 9 × 7 cm) was placed at the center. Each rat was placed along one side in the apparatus at the beginning of the test and was allowed to move freely for 10 min. The total distance moved, the frequency and duration of rearing (standing on hind legs), and the time spent in the center area were recorded. The total distance moved was evaluated as an index of locomotor activity. The rearing behavior and the time spent in the center area were evaluated as an index of exploratory behavior.
Elevated plus maze test (EPM)
The elevated plus maze was made of translucent brown acrylic material and consisted of 2 open arms (50 × 10 cm) and 2 closed arms (50 × 10 cm), each of which had 39-cm high walls. The arms extended from a center square plat-form (10 × 10 cm) and were arranged so that those of the same type were opposite to each other. The apparatus was elevated to 50 cm above the floor. Each rat was placed on the center square platform and was allowed to move freely for 5 min. We recorded the total distance moved, the time spent in the open arms, and the number of entries into the open and closed arms. We also calculated the number of total entries (open and closed arm entries) and the percentage ((number of open arm entries)/(number of total entries)*100 (%)). The time spent in open arms and the percentage were evaluated as an index of anxiety. The total distance moved and the number of entries were evaluated as an index of locomotor activity. This activity level on the EPM apparatus was compared to OFT, and was used as a support data to evaluate the anxiety level.
Forced swimming test (FST)
This test was used to evaluate the impact of BPA on the depressive state of the offspring. Each rat was exposed to 1 trial of forced swimming, as previously described (Ma et al., 1994; Pare, 1989a Pare, , 1989b Fujimoto et al., 2006) . The water tank, consisting of a cylindrical acrylic container (50 cm high, 30 cm in diameter), was filled 35 cm deep with tap water (24 ± 1°C). Each rat was placed in the water for 15 min and after testing, the rats were dried with a towel and returned to their home cages. The duration of periods of struggling, immobility, head shaking, limb movement including swimming, and the latency of immobility were recorded. Behavior was characterized as struggling when rats vigorously broke the water surface with the head and forepaws or actively tried to climb the wall of the tank with their paws. Immobility was defined as floating motionlessly on the surface of the water.
Statistics
All data were analyzed using the Statview 5.0 software for Macintosh (SAS Inc., Cary, NC, USA). Results of behavioral tests were analyzed by 2-way ANOVA followed by a post-hoc test (Fisher's PLSD test). Statistical differences were considered significant when the P value was below 0.05. All results are presented as mean values ± standard errors (S.E.M.).
RESULTS
In this study, mother rats were administered BPA (0.1 ppm in drinking water) during 7 days soon after the delivery. The average intake of BPA for mother rats was 23.8 ± 0.86 μg/kg/day (mean ± S.E.M.) which was calculated from mother's weight and drinking water volume. Behavioral tests were conducted at 6 weeks (OFT), 7 weeks (EPM) and 9 weeks (FST), respectively (Fig. 1) .
Open-field test (OFT)
The frequency and duration of rearing and the time spent in the center area were evaluated as exploratory behavior. The total distance moved was evaluated as locomotor activity. A significant main effect of gender was found in the frequency (F 1,76 = 22.12, P < 0.005) and duration (F 1,72 = 20.67, P < 0.005) of rearing by 2-way ANO-VA. The duration of rearing was also significantly affected by treatment (F 1,72 = 4.11, P < 0.05). The time spent in the center area and the total distance moved showed a main effect of gender (F 1,72 = 8.48, P < 0.005, F 1,72 = 32.85, P < 0.005, respectively) but not of treatment or interaction. In the post-hoc analysis, BPA increased the duration of rearing in males (P < 0.05). Gender differences of rearing (in controls, female > male) were affected only in terms of duration by BPA (Figs. 2A, B) . Gender differences in the time spent in the center area and the total distance moved (in controls, female > male) were not affected by BPA (Figs. 2C, D) . Overall, in control groups, all parameters were significantly higher in females than in males ( Fig. 2A-D) . In the BPA exposed groups, the gender effect was preserved for all parameters, except for rearing duration (Fig. 2B) . This discrepancy was explained by the fact that BPA caused a significant increase in rearing duration among males, which abolished gender differences.
Elevated plus maze test (EPM)
By 2-way ANOVA, all parameters (the total distance moved, the time spent in open arms, the number of total entries and the percentage) were significantly dependent on gender (F 1,73 = 13.23, P < 0.005; F 1,73 = 11.99, P < 0.005; F 1,73 = 9.37, P < 0.005; and F 1,73 = 13.64, P < 0.005, respectively) but were not affected by treatment or interaction (Fig. 3) .
In the post-hoc analysis, gender differences found only in BPA groups (female > male) in the total distance moved, the time spent in open arms and the number of total entries. The percentage showed a gender difference (female > male) in both groups. Gender differences were induced by BPA in all parameters except for the percentage (Fig. 3) . The parameter (percentage) was avoided from the factor of locomotor activity (Fig. 3D ). This data showed that BPA did not enhance the anxiety, but female rats tended to become more active by BPA on this apparatus.
Forced swimming test (FST)
The duration of periods of immobility, limb movement, and the latency of immobility were significant main effects of gender (F 1,72 = 15.74, P < 0.005, F 1,72 = 7.78, P < 0.05, F 1,72 = 4.60, P < 0.05, respectively) and treatment (F 1,72 = 11.45, P < 0.005, F 1,72 = 4.13, P < 0.05, F 1,72 = 15.19, P < 0.005, respectively) by 2-way ANOVA (Fig. 4, Table 1 ). With respect to duration of immobility and of limb movement, gender differences were revealed only in the BPA group (female < male, female > male, respectively) and not in the control group. BPA increased the duration of immobility and reduced limb movement in males. In the latency of immobility, BPA reduced the latency in both males and females. No significant effects on other active behaviors (head shaking and struggling) were revealed by 2-way ANOVA. An effect of gender on head shaking did not reach a significant level (F 1,72 = 3.85, P = 0.054).
DISCUSSION
In this study, we evaluated the effects of postnatal exposure of mothers to BPA on their offspring. Effects of exposure were measured in the offspring by using the OFT, EPM and FST.
In the OFT, only the rearing duration was altered by BPA (Fig. 2) . The increase in the rearing duration in male rats was significant, resulting in the loss of gender effect. At high doses of BPA (1,500 and 300 μg/kg/day) during pre-and postnatal periods (Kubo et al., 2001 (Kubo et al., , 2003 , the total distance moved, the time spent in center area, and the rearing number were affected. Both male and female rats were affected, and the values of these parameters in males and females tended to converge. However, when the dose was reduced to 30 μg/kg/day, the total distance moved was not influenced and the rearing number increased only in males (Kubo et al., 2003) . This pattern was repeated in the last study (15 μg BPA/kg/day, only prenatal), in which alterations were observed in only rearing number and duration (Fujimoto et al., 2006) . In the present study, postnatal exposure to 24 μg/kg/day of BPA generated milder effects on open-field behaviors than prenatal or combined prenatal/postnatal exposures. Howev- er, the behavioral alteration, in which the values of the male rats tended to approach those of the female rats, was similar to that reported in our previous studies (Kubo et al., 2003; Fujimoto et al., 2006) . From our experiments described above, the following trends were observed: (1) dose dependence: administration of high-dose BPA influenced many parameters; (2) gender dependence: male rats' parameters were easily affected; and (3) same influence pattern: the values of male rats approached those of the female rats. These trends were considered to be the BPA-specific influence. Recent reports suggested that not only the estrogen receptor but also androgen receptor was strongly related to the brain masculinization (Garcia-Falgueras et al., 2005; Zuloaga et al., 2008) . So, the following prospect is possible, that is, BPA action on the androgen receptor results in the reduced masculinization in male rat brain, and displays that male rats are easily affected by BPA.
In the EPM, all parameters showed a gender-related difference (female > male) in BPA groups. These data indicated that BPA tended to enhance the locomotion and decrease the anxiety in female rats. Only the percentage showed a gender difference in both groups (Fig. 3) . This alteration of anxiety-behavior was accompanied by the alteration of locomotor activity. However, the results of locomotor activity on the elevated plus maze apparatus were not similar to that of the OFT (Fig. 2D) . Only the BPA group showed a gender difference (female > male) in the EPM (Fig. 3A) . Assuming that 'no gender difference' in control group is an appropriate and normal behavior, it is suggested that BPA disrupts this normal behavioral pattern. We speculated that BPA induced the potential emotional alterations as an 'anxiolytic effect', especially for the female rats at this apparatus. From several adult rat experiments, it is a well-known fact that estrogen is strongly related to the anxiety level (Charoenphandhu et al., 2011; Olivera-Lopez et al., 2008) . Further studies are needed to investigate the 'estrogen-like effect' of BPA on female rats. In the FST, BPA increased the depressive response in both males and females, and these effects were remarkable in male rats. Significant effects appeared only in males for the duration of immobility and limb movement (Fig. 4A, Table 1 ). On the other hand, the latency of immobility was significantly decreased by BPA in both males and females (Fig. 4B ). Immobility reflects a depression-like condition (Detke et al., 1995; Lucki, 1997; Porsolt et al., 1977) . Limb movement is corresponding to the 'swimming' behavior of Detke et al. (1995) , which is one of the active behaviors. Active behaviors have been shown to be enhanced by treatment with antidepressant medications (Detke et al., 1995; Lucki, 1997) , and the meaning of active behavior is opposite to immobility. In the present results, because BPA reduced the active movement of limbs and increased immobility in males, male rats appeared to be more sensitive to an enhancing effect of BPA on the depressive response (Fig. 4A, Table 1 ). These results are similar to those of our prenatal exposure study (Fujimoto et al., 2006) . In addition, postnatal exposure caused reduced level of latency of immobility in both males and females (Fig. 4B) . These results showed that the postnatal exposure induced more precise effects on the FST than the prenatal ones. Gender differences in the duration of immobility and limb movement among BPA rats were influenced by the male behaviors. Other active behaviors, such as head shaking and struggling, were not affected by BPA (Table 1 ). In the study of prenatal exposure (Fujimoto et al., 2006) , the gender difference in struggling behavior was disrupted by BPA. This effect by postnatal exposure was not clear; however, the tendency was similar. The physiological effect of the depression has been discussed as a 'monoamine theory', in which neurotransmitter activities at a synapse are closely related to the cause of the depression (Coppen, 1967) . According to this theory, our results would suggest that perinatal BPA action modifies the basal monoamine systems of rat brain, via the hormone receptors. This idea has not been necessarily proved directly, however, other various studies discussed below complement our results. Perinatal modifications of monoamine systems could result in alterations of future emotional behaviors (Ansorge et al., 2004; Fernandez-Pardal and Hilakivi, 1989; Hansen et al., 1997; Mirmiran et al., 1981; Vogel et al., 1990) . Brain serotonin level rose in neonatal estrogen treated rats (Giulian et al., 1973) and neonatal androgen was required to increase the catecholamine level (Siddiqui and Gilmore, 1988) . Utero exposure of diethylstilbestrol (DES, a synthetic estrogen) was with the associated the risk of depression in human studies (O'Reilly et al., 2010; Vessey et al., 1983) . Some studies reported the alteration of brain dopamine systems by BPA exposure (Rubin et al., 2006; Narita et al., 2006 Masuo et al., 2004) . Our studies demonstrated that BPA impairs the gender differences of the noradrenergic LC cells (Kubo et al., 2001 (Kubo et al., , 2003 . In future, the relationship between the activity of noradrenalin systems and the behavioral alterations in FST, have to be well investigated. Present study reproduced the enhanced depression-like behavior, and consolidated the reliability of the effect of BPA.
In the present study, these three behavioral tests demonstrated that BPA induced considerable impact on the emotion-like behaviors. First, the exploratory behavior in OFT was altered mainly in male rats. Second, EPM test showed the sign of the emotional alteration in female rats. Third, both male and female rats, displayed the depression-like condition on FST by BPA treatment. BPA affects rat's emotional behaviors, gender and parameter dependent. The effects on exploratory behaviors in the present study (postnatal exposure) were slightly weaker than in the previous study (prenatal exposure). In contrast, the Number of rats in each group in parentheses. ** P < 0.005 vs. male of BPA group, # P < 0.05 vs. male of control group by 2-way ANOVA followed by Fisher's PLSD test. Vol. 38 No. 4 present data showed clear effects in the EPM and FST. Not only prenatal but also postnatal period was critical for low-level BPA exposure. The prenatal exposure of offspring is through the placenta, whereas in postnatal exposure, it occurs orally through ingestion of the mother's milk. Present study demonstrated the importance of the potential risk regarding BPA exposure from breastfeeding. It has been reported that BPA concentration in human colostrums is higher than serum level (Kuruto-Niwa et al., 2007) , and tend to increase in milk samples of pregnant women who have used PET bottle drink frequently (Tateoka, 2004) .
In conclusion, this study demonstrated that one-week postnatal exposure to low-dose BPA modifies the later animal behavior, suggesting an impact on brain development. Gender-specific response to BPA was observed in three different behavioral tests regarding the emotion. Especially, enhanced depression-like behavior was reproduced in this study. In addition, present data suggest that low-dose of BPA, transferred to neonates through breastfeeding, could significantly alter hormone-regulated CNS development, causing long-lasting detrimental effects on their behavior and emotional distress.
